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The factors in the host conferring resistance to invasion by fungi which are obligate parasites are generally much more difficult to elucidate than where facultative parasites are involved, for the latter can be grown on culture media and their enzyme systems and other biochemical properties can be investigated in detail. At present, apart from the early stages after spore germination, a rust fungus can only be studied in relation to its host, and a clear analysis of the physiology of parasite and host respectively has not yet been achieved.
Even in the rusts, however, structural features of the host occasionally confer some degree of resistance. In the wheat variety, Webster, profuse development of sclerenchyma in the stem checks mycelial growth of Puccinia graminis and confers a measure of resistance (Stakman, Levine & Griffee 1925) , although other factors are also involved such as the tough character of the epidermis which impedes exposure of the pustules. Young barberry leaves are readily penetrated by the sporidial germ-tubes of P. graminis, whereas old leaves, provided with a thicker cuticle, are not infected. There is evidence, too, th a t the relative thickness of the cuticle is a factor in determining whether powdery mildews cause infection (Corner 1935) . In connexion with attack by P. graminis on wheat it has been suggested (H art 1929) th a t in some varieties tardy opening of the stom ata in the morning confers a kind of functional resistance because the delicate germ-tubes of the spores on the surface are desiccated before penetration can be achieved. There is, however, some uncertainty about this interpretation.
In most examples of resistance to rust attack obvious structural features do not come into play, and the relationship of host and parasite is essentially bound up with subtle protoplasmic properties of the two organisms. The first stage in the elucidation of this relationship was described some years ago with regard to infec tion of wheat by P. glumarum (M arryat 1907) . In an extremely resistant variety the only external sign of attack is the presence of minute necrotic flecks on the leaves, contrasting with abundant spore pustules on the otherwise normal leaves of the fully susceptible variety. Microscopic examination shows th a t the rust fungus enters the stom ata of the resistant variety bu t sets up a violent disturbance as soon as it comes into contact with the mesophyll cells. This results in their speedy death and also in the death of the mycelium, which only continues to thrive in contact with living host protoplasm. In the fully susceptible variety the rust establishes a kind of common life with its host, and there is no evidence of antagonism between the two organisms. Intergrades between the two types of reaction occur. Similar phenomena were subsequently described in varieties of wheat highly resistant to P. graminis (Allen 1923) . R esistant plants which behave in this manner in response to parasitic invasion are said to be 'hypersensitive ' to attack (Stakman 1915)-Thus we have the paradoxical situation in which resistance seems to be bound up with a lethal attack by the parasite. At present we can do little more than speculate about the physiological relations of host and parasite in such reactions. The death of the host cells and the death of the fungus must both be taken into account. In the attack on the resistant host the mesophyll cells are adversely affected even before the death of the hyphae, so it seems likely th at some substance is secreted by the fungus which initiates the disturbance. The host cells in turn may secrete other substances lethal to the parasite, although the death of the latter may perhaps be due to starvation. The former supposition is the more likely because of the rapid deleterious influence on the parasite. In this connexion there is some evidence th a t wheat leaves affected by P. triticina or P. glumarum contain toxins w the germination of spores of these species, the effect being specific for each rust (Parker-Rhodes 1939) . In semi-resistant varieties the struggle between host and parasite is prolonged; a few cells may be killed, but the fungus continues to live although impeded in its growth. In the susceptible host there is harmony with the parasite and abundant haustoria are present; any substances secreted by the fungus do not have an adverse effect, perhaps on account of inadequate concentration or because they are neutralized by the host protoplasm. I t is claimed th at in suscep tible and resistant. reactions to specific rusts the host cells become more and less permeable respectively (Thatcher 1943), but it is not known precisely how these changes are induced. In relation to rust fungi numerous attempts have been made to account for the differences between resistant and susceptible host varieties in biochemical terms, but so far without any satisfying result.
Hypersensitiveness has also been described in relation to attack by other kinds of fungi, notably in certain oat varieties resistant to avenue and U. lcolleri (Western 1936) .
In the type of resistance indicated by hypersensitiveness the factors conferring resistance must be of a subtle kind because changes in environment (which affect both host and parasite), nutritional alterations of the host (which also influence the fungus), and even the presence of another parasite in the tissues may all change a resistant reaction to a susceptible one in a given variety. As regards the last consideration it has been shown th at certain extracts from bunted plants of Little Joss wheat are less toxic to spores of Puccinia triticina than are extracts from healthy plants (Parker-Rhodes 1939)-Similarly, a susceptible variety may become resistant under certain conditions.
In some kinds of host closely related to others which exhibit resistant or suscep tible reactions to rust fungi there is no apparent reaction, for the inoculated plant remains perfectly normal as seen by the naked eye. E ntry occurs through the stomata in the usual way, but the fungus soon dies either without exercising any appreciable lethal influence or occasionally after killing the guard cells between which it entered. Such hosts appear to be entirely inappropriate for the life of the fungus, but further examination of this type of behaviour is required. This state of affairs is closely similar to the penetration by rust fungi of plants which are quite unrelated to their proper hosts.
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Some varieties of wheat which are susceptible to P. graminis in the seedling stage become resistant as they approach m aturity. This is known as mature-plant resist ance and is of great importance in breeding varieties capable of withstanding attack under field conditions. This character is inherited in a simple way, but the qualities in the host conferring this type of resistance are virtually unknown. Perhaps changes in host metabolism account for this difference; it has also been suggested th at tardier opening of the stom ata as the plant reaches m aturity invokes the kind of functional resistance already referred to, although this explanation is not wholly applicable (Goulden, Newton & Brown 1930) .
There are nearly 200 physiologic races of P. graminis affecting wheat, which produce diverse types of resistant and susceptible reactions in a range of varieties. There is no doubt about the differences between these races, but, taking such a m ultitude into account, the complexity of the problem of interpreting resistance to this fungus is fully revealed.
Erysiphe graminis, the powdery mildew of cereals and grasses, is a totally differen kind of obligate parasite which infects only the epidermal cells of the host, invariably by cuticular penetration. Initially the process of entry is essentially the same as penetration by the germ-tubes of Botrytis cinerea, but growth in the host never proceeds beyond the formation of haustoria in the epidermal cells. The cuticle is penetrated in a purely mechanical way after which an enzyme system comes into play th a t changes the cellulose layer below into a papilla from which the haustorium emerges. In the immune wheat variety, Persian Black, the initial stages of penetra tion are the same up to the time of formation of a papilla, bu t then the process stops, the host cell remaining uninjured (Corner 1935). I t is suggested th a t toxins in the host cell prevent the emergence of a haustorium ; certainly the penetrating germtube quickly dies. In plants unrelated to the Gramineae Erysiphe graminis may also initiate infection but the process never gets beyond the papilla stage, and when the cuticle is thick the cellulose layer below remains unaltered and no papilla is formed. W ith another mildew, E. polgoni, a different kind of reaction is exhibited by resistant varieties of red clover (Smith 1938) . Here there is sharp antagonism between the host cell and the fungus penetrating it, both being killed; sometimes a few contiguous cells are also killed.
W ith Synchytrium endobioticum, the cause of w art disease of potatoes, phenomena are associated with invasion. In a susceptible variety the protoplasm of the fungus spore passes bodily into an epidermal cell and grows until it reaches the reproductive stag e; a t the same time the host cell enlarges and the neighbouring cells are stim ulated to divide actively so th a t with successive infections large galls or warts are formed (Curtis 1921). One supposes here th a t some substance is pro duced by the parasite or by its action on the host protoplasm, which on diffusion into contiguous cells causes them to divide. In an immune variety the parasite also invades the surface cells, but quickly dies w ithout entering on the reproductive stage and w ithout stimulating the host cells to divide; in some immune varieties there is no adverse effect on the host cells (Cartwright 1926) , but in others the invaded cell and a few adjacent ones are killed (Kohler 1928) . In the latter varieties the reaction may perhaps be interpreted as one of hypersensitiveness, but this conception cannot be applied when the host is uninjured and the parasite alone is killed.
With certain facultative parasites there are defensive mechanisms in re sistant hosts which, while not preventing initial invasion, preclude the fungus from spreading extensively in the tissues. Stereum purpureum, the cause of silver-leaf disease of plum trees, commonly attacks the variety Victoria but only rarely the variety Pershore, infection occurring through exposures of the wpod. If spores alight on newly exposed wood of a susceptible variety a mycelium is established which grows extensively in the vessels a t most times of the year. Accompanying the development of the fungus considerable quantities of gum are formed from the carbohydrates in the wood. Simultaneously, substances produced by the fungus diffuse into the healthy wood, and, carried up in the transpiration stream, cause unfolding leaves to become silvery in appearance through the development of abnormal air-spaces, and old leaves to become prematurely brown. Sterile extracts of the fungus produce the same symptoms when injected into a healthy susceptible tree (Brooks & Brenchley 1931) . Normally, the progress of the fungus in the wood of the variety Victoria is not impeded, and sooner or later most of the wood of the trunk is invaded with the result th at the tree dies. On the other hand, with the variety Pershore there is usually such profuse gum formation in the initiation of infection th a t the fungus appears to be unable to penetrate the concen trated layer of gum on the periphery of the invaded zone; the parasite is conse quently occluded at an early stage (Brooks & Storey 1923; Brooks & Moore 1926) and subsequently dies. Such a protective mechanism is called a gum-barrier. During the summer, when metabolic activity of the host is greatest, the variety Victoria behaves like Pershore to initial invasion, i.e. it is resistant to infection. Furthermore, the variety Victoria occasionally recovers from this disease, especially after a hot dry summer. If such a tree is examined a heavy accumulation of gum around the invaded tissues is found, which apparently the fungus cannot penetrate; again the parasite is occluded and dies in the course of time. I t is suggested th at the enhanced metabolism of the tree under such conditions enables it to prevent further progress by the fungus.
W ith Armillaria mellea, a root parasite of many kinds of trees, the defensive mechanism of a resistant species is more obscure (Thomas 1934; Leach 1939) . In a susceptible species a branch of a rhizomorph penetrates the uninjured bark as a single unit and on reaching the cambium spreads rapidly as a compact strand in this region, at the same time invading the wood and inner bark in a more general way. In a resistant species penetration of the outer bark occurs similarly but extensive growth of the parasite along the cambium does not take place and there is only limited development in the wood. On the periphery of the invaded wood there is dense accumulation of gum and there is also a newly formed zone of cork on the margin of the affected bark. A strictly localized lesion is thus established beyond which the fungus does not usually spread; eventually the lesion may be A discussion on the physiology of resistance to disease in plants 183
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healed by growth of the tissues around the periphery. I t is tempting to suppose th a t the accumulation of gum and the formation of cork are defensive mechanisms, although it has been suggested th a t they are only incidental to the secretion of a toxin by the host, which prevents further development of the fungus. Even in a susceptible host new zones of cork are formed in the inner bark, but these are readily penetrated by the advancing mycelium. I t must also be pointed out that when the localized lesions on a root are very numerous the host resistance some times breaks down, and the fungus then behaves as an active parasite.
The formation of cork-barriers or suberization of the membranes in non-woody tissues is often associated with the inhibition of extensive development of fungus parasites, as, for example, in varieties of apple trees resistant to canker caused by Nectria galligena. Sometimes, however, cork-barriers are an imperfect means of protection, for the fungus may evade them. Furthermore, their formation is greatly dependent upon the state of metabolism of the host, and under some condi tions a normally resistant variety of apple tree, such as Bramley's Seedling, becomes susceptible. We do not know, however, how alterations in metabolism induce such changes in resistance. I f the immediately exciting cause of the develop ment of a cork cambium were ascertained progress towards elucidation would be made. For the formation of cork below wounds the liberation of hormonal sub stances in the tissues is invoked.
Leaf spots caused by fungi are often delimited by a suberized zone of cells, leading sometimes to the falling away of the affected tissue and the well-known 'shot-hole ' effect. W hatever interpretation is placed on the formation of such corky layers they certainly seem to prevent widespread ramification of the fungus. On the other hand, certain fungus leaf spots, although circumscribed in size, are not de limited by cork-barriers, and there seems to be no obvious impediment to extensive spread of the parasite. In such leaf spots, apart from some obscure reaction by the host, perhaps further growth of the fungus is stopped by accumulation of staling products arising from its own metabolism.
Wilts of herbaceous plants are often induced by fungi which invade the roots from the soil and enter the vascular tracts. In varieties of flax susceptible to wilt caused by Fusarium Uni the fungus invades the cortex and enters the vessels. In resistant varieties progress of the fungus is limited and appears sometimes to be stopped by suberization of the cell walls or the formation of a zone of cork in the cortex; the fungus is localized and no wilt is induced (Tisdale 1917). In susceptible plants the fungus grows extensively in the vessels in which small amounts of gummy substances are deposited, although it is doubtful whether the transpiration stream is appreciably impeded thereby. I t is generally believed th a t wilting is caused by a toxin secreted by the fungus, especially as certain changes are induced in the leaves before wilting occurs. In a resistant variety the amount of toxin produced by the fungus is greatly reduced because of the localization of infection, and its formation may perhaps be inhibited or neutralized by some property of the host cells. In tom ato wilt due to F. lycopersici there is strong evidence th a t a polypeptide substance, lycomarasmin, of known composition, is the immediately inciting cause of wilting (Clauson-Kaas, Plattner & Gaumann 1944; Gaumann & Jaag 1946) , which Is brought about by destruction of the semi-permeability of the plasma membrane of the leaf cells. The fungus does not normally enter the vascular system of highly resistant varieties, which contain substances th at depress the growth of the fungus in vitro (Gottlieb 1943) . One might expect therefore th at its development in the root would be impeded. There is a difference of opinion, however, as to whether resistance is localized in the root or whether it is a property of the plant as a whole. A resistant variety grafted on an infected susceptible one succumbs to wilt, whereas a susceptible variety grafted on a resistant one under conditions suitable for root infection remains unaffected (Heinze & Andrus 1945); these results imply th at resistance is a property only of the roots. On the other hand, more recent investiga tions indicate th at the fungus, even when artificially introduced into the vessels of a resistant variety, rarely induces wilting although growing extensively therein (Snyder, Baker & Hansen 1946) ; this implies th at the shoot as a whole is resistant to wilting. Whether resistance is actually localized in the root or not one concludes as regards a resistant variety th at the fungus is unable to produce sufficient toxin to cause wilting or th at the toxin is either inactivated by the host or is without effect upon it. In the wilt of hops caused by Verticillium albo-atrum it has been shown th a t in resistant varieties the fungus develops extensively in the vessels without inducing wilt (Keyworth 1947) .
Few examples are yet known in which resistance to fungus invasion is associated with particular substances of known composition, although there is increasing evidence th a t the resistance of certain plants to attack by Phymatotrichum omnivorum is associated with the presence of specific alkaloids in their underground organs (Greathouse & Bigler 1940) . The most clearly established example of this kind is the resistance of red-and yellow-skinned onions to smudge and neck-rot caused by Colletotrichum circinans and Botrytis allii respectively, white varieties being susceptible to both diseases. Catechol and protocatechuic acid, associated with the pigments in the dead outer scales of the coloured varieties, are inhibitive in high dilution to the growth of these fungi (Link & Walker 1933) . If, however, the dry pigmented scales of these resistant varieties arp removed* the bulbs become susceptible. I t has been suggested th at under moist conditions catechol and proto catechuic acid pass in solution to the exterior of the dead outer scales of the coloured varieties, thereby preventing the growth of these fungi. In this connexion it may be noted th a t Aspergillus niger, which rots both coloured and white onions, is not checked in growth by extracts from the pigmented scales.
Resistance to infection by fungus parasites is rarely absolute under all conditions; it is usually subject to modification, as has already been pointed out. I t may be worth while, however, to discuss further the changes in resistance th at can be brought about in a variety of ways, bearing in mind th at in any parasitic attack the conditions of life of both host and parasite and also the relations between the two organisms have all to be considered.
Little attention has been paid hitherto in plant pathology to the influence of mass infections as distinct from sporadic ones. B ut where resistance is not pro nounced a large number of infections may overcome the defensive mechanism of the host whereas a few have no adverse effect. This seems to be the explanation of the development of warts on certain varieties of potatoes, described as ' immune5 in the field to Synchytrium endobioticum, when they are subjected to intensive infection in the laboratory (Glynne 1926) . Under such conditions the concentrated inoculum apparently overcomes the normal resistance. Again, in the chocolate spot disease of beans caused by species of Botrytis, a heavy inoculum has an aggressive effect, whereas, under similar favourable environmental conditions, a sparse inoculum produces only slight infection (Wilson 1937) .
Changes in environmental conditions such as tem perature, light intensity, water supply, and the mineral nutrition of the host often affect the degree of resistance to specific parasites, but it is usually impossible to analyze the complex sufficiently to give guidance in interpretation. W ith the cereal rusts abnormal conditions of tem perature and light may change the host's reaction from resistant to susceptible, or vice versa. Excessive nitrogenous manuring of the host often increases suscepti bility to attack by rust fungi whereas additional potash sometimes reduces it. A striking effect on susceptibility to powdery mildew of wheat and to certain other parasites is shown by the addition of m inute quantities of lithium salts to the soil in which the hosts are growing, such plants being rendered more resistant (Spinks 1913; K ent 1941) . The lithium salts are known to be carried to the leaves but the manner in which they confer resistance is still obscure. Other changes in metabolism of the host may also have a striking effect on susceptibility or resistance. For instance, in the U nited States Fusarium graminearum causes a serious seedling disease of wheat a t high tem peratures and of maize at low temperatures. This difference has been correlated with the type of metabolism of the hosts at such tem peratures (Dickson, Eckerson & Link 1923; Dickson & Holbert 1928) . At low tem peratures wheat seedlings resist attack because the cell walls are well provided w ith cellulose thereby preventing ready penetration by the hyphae, whereas a t high tem peratures the cell walls a t this stage of development consist chiefly of pectic substances which are easily disintegrated by the fungus. The metabolism of maize seedlings in relation to tem perature is just the opposite of th a t in wheat, hence susceptibility a t low tem peratures and resistance a t high ones. In this example changes in metabolism profoundly alter the nature of the cell walls, but in many kinds of parasitic attack metabolic changes in the host have a much more obscure influence.
The genic difference between a resistant and a susceptible variety may be simple or complex, but its expression in the plant is frequently modified by environmental and metabolic conditions. Knowing th a t resistance and susceptibility to specific parasites are definite hereditary entities the plant breeder can plan his programme accordingly, although he has constantly to bear in mind the possibility th a t new physiologic races of the parasites may arise in the course of time.
